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ABSTRACT 

Performance of the iron-titanim redox flow cell wais studied 
as a function of acid concentration. Anion permeable mem- 
branes separated the compartments. Electrodes were graphite 
cloth. Current densities ranged up to 25 mA/cm^. Open- 
circuit and load voltages decreased sis the acidity was in- 
creased on the iron side as predicted. On the titanium side, 
open-circuit voltages decreased as the acidity was Increased 
in agreement with theory, but load voltages increased due to 
decreased polarization with increasing acidity. High acidity 
on the titanium side coupled with low acidity on the iron 
side gives the best load voltage, but such <:ells show voltage 
losses as they are repeatedly cycled. Analyses show that the 
bulk of the voltage losses are due to diffusion of acid 
throu^ the membrane. No membrane tested so far will main- 
tain differences in acidity. Chelating ac^nts show some 
promise in reducing polarization at the Ti electrode and thus 
improving energy efficiency. 


INTRODUCTION 

One method that has been proposed for biilk storage of electrical 
energy involves the use of electrically rechargeable redox flow cells 
wherein all the reactive species are soluble ions (Ref. 1). A solution 
of electrolyte containing an oxidizing agent, Fe"*"^ for example, would 
pass through one side of an electrochemical c^.l where a portion of the 
ions would be reduced at the cathode. A solution of electrolyte con- 
taining a reducing agent, Ti"*"^ for example, would pass throiigh the 
other side of the cell where some of the ions would be oxidized at the 
anode. The reactions at the electrodes wovild be Fe+3 + e- = Fe+2 and 
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+ HgO s TiO'*'^ + 2 + e“ for the example cited. The two electro- 

lyte chambers would be separated by a membrane which would prevent or 
minimize cross-diffusion of the reactive species but allow ready trans- 
port of indifferent ions for charge balance. After passing through the 
cell, the paortially spent fluid would be returned to the storage tank. 

A schematic diagram of a cell using this concept is shown in Fig. 1. 
Since the solutions are graducdly depleted of the reactive ions, the 
voltage provided by the cell at a given c\irrent would gradually fall. 
Energy would be withdrawn from the cell at periods of high usage, and 
the cell would be recharged during periods of low energy demand. 

This type of system could take advantage of high efficiency redox 
couples using hi^ surface electrodes and not requiring expensive cata- 
lysts. Other advantages are: favorable environmental impact ccunpared 

to pumped hydroelectric storage and auxiliary fuel-powered generators, 
immediate response to demamd, ability to be located in favorable loca- 
tions so as to minimize transmission losses, and the possibility of 
using inexpensive and readily available reactants. Disadvantages in- 
clude the fact that the voltage obtainable frcmi each individual cell is 
low since the reactants must be stable in aqueous solution; thus oxida- 
tion or reduction couples that react with water to an appreciable extent 
cannot be used. Electrical coupling of cells in series can theoretically 
be used to provide any required voltage, but this is limited in practice 
because of shunt currents if the cells are connected to a manifold. 

Since we are dealing with reactive materials in solution, larger vol- 
umes of reactants are needed than when the react€uits are solids, and 
thus the sizes of storage tanks and equipment needed becomes important. 
At present, the estimated cost of such a system is greater than that for 
a pumped hydroelectric facility or auxiliary generators, and improve- 
ments in technology are required to madte such a system economicail in the 
future. The economic factors aure discussed in recent publications 
(Ref. 2 and data obtained from G. Cyprios of Exxon Research and Engi- 
neering Co. ) . 

Since redox flow cells aure a relatively new concept in electrochem- 
ical storage, a great deal of research auid development needs to be done 
before this type of system can become a practical reality. Studies have 
been made of the physical properties of possible redox solutions such as 
solubilities, viscosities, densities, conductivities, auid solution sta- 
bility (Ref. 3). Screen^ .g of possible redox couples, studies of the 
electrode kinetics of the most favorable ones, and investigation of pos- 
sible new electrode materials is being done both at NASA Lewis Research 
Center (LeRC) and on contract (Ref. 3). Likewise, development and eval- 
uation of new ion-selective membranes has been carried out both in-house 
at LeRC Eind by contract (Ref. 4). Small-scale cells have been studied 
extensively. 

Finally, the possibility of coupling redox cells with solar cells 
so as to store energy in redox cells for use when the stin is not shining 
has been studied (Ref. 5). 
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This paper presents some of the resiilts of the LeBC studies with 
small-scale cells. Theoretical and experimental open-circuit voltages 
were examined. Working voltage asl current in operating cells were 
studied as functions of time cuid depth of discharge and correlated with 
changes in concentrations of the redox solutions, voltage losses due to 
polarization at the electrodes, and IR losses across the membranes. 

The emphasis in this report is on cell behavior in the first few 
cycles, rather them the long-term behavior. Cell performance in the 
first few cycles is dependent more on the thermodynamics and kinetics of 
the system then on the particular membrane used. Long-tem behavior is, 
however, greatly dependent on the natiire of the membranes. 


EXPERIMENTAL METHODS 

All studies reported here were carried out using the Fe'*'^/Fe‘*‘^ 
couple in the cathode compartment and the Ti'*'^/Ti‘'‘^ couple in the anode 
compartment. These couples satisfied the criteria of high solubility 
and conductivity of all species in aqueous solution, stability in aque- 
ous solution, and low cost. Preliminary studies indicated that the 
electrochemical kinetics of the couple were satisfactory. 

The Ti'*‘^/Ti'*'^ couple, while less satisfactory than the Fe'*‘^/Fe'*’^ couple, 
behaved sufficiently well to warrant further study and use in membrane 
screening and systems studies. These species, in particialar the Ti"*"^ 
ion (written as Ti'*’^ for simplicity although it probably exists as TiO'*'^ 
or Ti( 0 H) 2 ‘*'^), will hydrolyze and form oxide or hydroxide precipitates 
unless the solution is kept acidic (Ref. 6 ) . All of the work reported 
tere was carried out in HCl solution of 0.5 M concentration or greater. 


Materials and equiianent 

Cells were tested starting with solutions in the charged state; 
e.g. , Fe"*”^ and Ti"*"^. FeCl 3 solutions were prepared from reagent grade 
FeCl 3.6 H 2 O and HCl. TiCl 3 solutions were prepsured by reacting tech- 
nical grade TJ metal (l^ Pe) in concentrated HCl and diluting to the de- 
sired concentration. 

The cell design is shown in Fig. 2. The cell body is made of poly- 
carbonate plastic. Woven, graphitized cloth 32 mils thick (0.081 cm) 
(Union Carbide WCA graphite cloth) was used for electrodes in both the 
emode and cathode ccsnpartments. Graphite tape 15 mils thick (0.038 cm) 
(Union Carbide Grafoil) was used for the current collector ajid leeids 
from the cell. The area of membrane exposed to each solution was 
2.25 in^ (14.5 cm^ or 1.5 in x 1.5 in). The volume of each compartment 
was about 2.05 cc. When the graphite electrode was in place, 1.90 cc 
of solution were required to fill each compartment. 

For experiments with reference electrodes, 5 mm sqioare platinum 
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screen electrodes were placed on both sides of the membrane and sepa- 
rated from the working electrodes by non-woven polyolefin fabric. A 
thicker gasket (about 90 mils or 0.225 cm) was needed to ; revent leaks 
aroinid the leads to the reference electrodes. The cell volume and elec- 
trode separation were slightly greater because of the thickness of the 
reference electrodes and spacers. 

Most of the membranes used in this work were specially prepared for 
this study and were designed to be permeable to anions by Incorporating 
amine groups (Ref. 4). An' anion-selective membrane is more desirable in 
a cell of this type when the reactant species are positive ions since it 
will reduce the cross-over of reactants and thus prolong the life of the 
cell. In addition, in acid solutions such as these, an anion-selective 
membrane will reduce the transfer of hydrogen ions and decrease the pos- 
sibility of hydrolysis reactions occurring if the acidity falls too low. 
Resistances of the membranes were measured by measuring the cell resis- 
tance with a 1000-cycle bridge and subtracting the resistance of the 
cell without a membrane. These ranged from about 0.1 to 0.5 cto (volume 
resistivities of about 25 to 100 Q-cm). 


Experimental cycling procedure 

Depending on the capacity desired, 10 to 40 ml of 1 M stock solu- 
tions were used. This represents about 0.25 to 1.0 Ah. The solutions 
flowed through the cells at a rate of 10 to 20 cm^/min. Solutions 
draining from the cells were returned to reservoirs above the cells by a 
positive displacement pump or nitrogen gas-lift pump. In some experi- 
ments cells were i>artially discharged at consteint current using a DC 
power supply. In most experiments they were discharged completely 
throu^ a constant resistive load, \xsually around 1.2 ohm. The solu- 
tions were recharged using a DC power supply set at 1.2 V so as not to 
evolve Hg or Clg. The current passed throu^ a current integrator as 
well as through the cell. Completion of the charging or discharging 
reaction was evidenced when the current tapered off to zero. 


ANALYTICAL METHODS 


Determination of Fe and Cl 


One -ml samples were withdrawn from the reservoirs at various points 
in the cycle, diluted to about 50 cc, and titrated potent iometrically 
with 0.025 N solutions of KMn04 or Ce(S04)g. About 25 cra^ of 6 N H2SO4 
were added to maintain acidity. Titration to a potential of +300 mV ±5 
using a platinum electrode with respect to a Ag/AgCl reference electrode 
gave the amount of Ti'*'^ present; Itirther titration to a potential of 
+700 mV ±30 gave the amount of Fe'*'^. Several sticks of amalgamated Zn 
were then added and the sample was brought to a boil. The hot solution 
was run throtigh a Jones reductor containing 10-30 mesh amalgamated zinc 
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and titrated again in the same manner. The second titration gave the 
total amounts of Fe and Ti present in the sample. Ti"*"^ and Fe'*'^ were 
determined from the differences between the first and second titration. 


Determination of chloride ion 


One-ml samples withdrawn from the reservoirs were potent iometri- 
cally titrated with 0.2 M AgN 03 to a potential of +315 mV using a silver 
electrode against a Ag/AgCl reference electrode with a Na^SO^ salt 
bridge. Acidity was maintained by adding 5 ml of 6 N HNO 3 . 


Determination of hydrogen ion 

Hydrogen ion concentration was determined by difference using the 
relation; equivalents hydrogen ion = equivalents chloride ion - equiva- 
lents metal ions. 


RESULTS AMD DISCUSSION 

Open-circuit and load voltages for newly prepared cells 

The half-cell reactions in these cells upon discharge are Fe"*"^ + 
e" = Fe+2 and Ti+3 + H 2 O = TiO+2 + 2 H+ + e". 

An estimated equilibrium potential (or open-circuit voltage) for 
the Fe/Ti cell using concentrations for activities as a function of 
depth of discharge (DOD) is shown as curve A in Fig. 3. This curve is 
calculated for luiit activity of hydrogen ion on the titanium side from 
the standard half -cell potentials (Ref. 7) using the Nernst equation to 
correct for chauiges in concentration as the cell is discharged. 

Since hydrogen ion is a product of the reaction, we would expect 
that an increase in acidity on the titanium side would lower the theo- 
retical open-circuit voltage. Similar curves for initial concentrations 
of 3 M and 6 M HCl on the titani\om side are shown in curves B and C 
using an activity coefficient of 1.32 for 3 M IICl and 3.22 for 6 M HCl 
(Ref. 8 ). The effect of the increase in acidity as TiO+2 is formed e0.so 
appears in these curves. 

An increase in acidity should also affect the potential of the cell 
if the additional ions form stronger complexes with Fe'*'^ than Fe'*’^ or 
the reverse. The following reactions were considered; 

For Fe(lII): Fe'^^ + Cl" = FeCl+2 

FeCl+2 + d" = PeCl2'*‘^ 
and FeCl 2 ‘^^ + Cl" = FeCl 3 . 
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For Fe(ll): Fe'*’^ + Cl* = FeCl+^ 

and FeCl+^ + Cl* = FeCLg. 

Using the equilibrium constants for these reactions (Ref. 9), the con- 
centrations of uncomplexed Fe+2 and Fe+^ ions at various depths of dis- 
charge in 0.5 M and 6 M HCl were calculated. Total iron concentration 
was assumed to be 1 M, The Nernst equation was used again to correct 
for the effect of this complex formation with the chloride ion. Curve D 
shows the expected open-circuit voltage for a system with 6 M HCl on the 
titanium side and 0.5 M HCl on the iron side, and curve E gives the ex- 
pected voltage for 6 M HCl on the titanium side and 6 M HCl of the iron 
side. No attempts were made to calculate the effects of complexing of 
Ti'^^. 


It can be seen that an increase in HCl concentration would be ex- 
pected to decrease the open-circuit voltage of both the titanivim and 
iron couples. Thus the most favorable open -circuit voltage would be ob- 
tained by using solutions with the lowest acidity needed to prevent pre- 
cipitation of oxides. Since an acidity of at least 4 M is needed on the 
titaniim side to prevent precipitation of Ti 02 within a short time, most 
cell cycle tests were done with 6 M HCl on the titanium side and 0.5 M 
HCl on the iron side. The dotted line in Fig. 3 is the experimental 
open-circuit voltage for such a cell. The experimental curve is higher 
than the voltage calculated above but agrees well with that ceilculated 
from the standard potentials given by Lingane (Ref. 7) for the titanium 
couple in 6 M HCl and the iron couple in 1 M HCl. Due to the fact that 
activities of all species are not known accurately in these solutions, 
close agreement with the experimental curve was not necessarily expec- 
ted, but the calculations give some idea of the trends and magnitudes of 
the voltage changes expected. 

The experimental open-circuit voltages (subsequently referred to as 
OCV) at 10^ DOD for solutions of different acidities on the two sides of 
the cell are shown in the top two curves in Fig. 4. The OCVs fall with 
increasing acidity on both sides as predicted from the above calciila- 
tions. 

The load voltages at 10^ DOD under a constant load of 100 mA are 
also shown in Fig. 4. We see that the load voltage decreases as the HCl 
concentration on the iron side is increased, in similar fashion to the 
OCV, but the load voltage increases as the HCl concentration on the ti- 
tanimn side is increased, in opposition to the behavior of the OCV. 

This indicates that significant polarization is taking place on the ti- 
tanium side which decreases with acidity. This is also indicated by the 
length of time required for OCV equilibration when the HCl concentration 
is varied on the titanium side as shown in Tig. 5. The higher the acid- 
ity, the quicker the OCV comes to its equilibrium value, again indicat- 
ing that the polarization on the titanixan side decreases with increasing 
acidity. Similar experiments with varying acidities on the iron side 
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showed no differences in equilibration time, indicating that the equili- 
bration on the iron side is much more rapid than on the litanjvju sioe. 
Studies with an iron concentration cell with different concentrations of 
Fe'*'^ and Fe"*"^ showed that equilitriiHn was established within 1-2 minutes. 


Polarization studies with reference electrodes 


The behavior of the load voltage and the delays of the OCV in com- 
ing to equilibrium as described above indicate that the major source of 
polarization is the titanium electrode. In order to investigate this 
further, several experiments were made using reference electrodes in the 
cell. Potential measturement s were made between the working and infer- 
ence electrodes and between the two reference electrodes. IR drop was 
measured with an interrupter technique (Ref. 10). A magnetictilly actua- 
ted relay with mercury -wetted contacts was placed directly in the cir- 
cuit. The IR drop was determined as the nearly vertical portion of an 
oscilloscope trace. Some typical data are given in Table 1. 

These experiments were not undertaken to provide precision data but 
to give the order of magnitude of the polarization and resistances in 
the cell. 

These and similar data indicated that polarization at the titanixan 
electrode under these conditions (6 M HCl on the titanium side and 0.5 M 
HCl on the iron side) amounts to over 300 mV compared to polarization at 
the iron electrode of 40-75 mV and an IR drop across the membrane of 
30-50 mV. Several chelating agents were added to try to reduce the po- 
larization. The most effective of these was acetylacetone. In one case 
the addition of 10 cc of acetylacetone to 40 cc of electrolyte on the 
titanium side caused a drop in polarization and a corresponding rise in 
cell voltage of oyer 300 mV. 


Loss of voltage with successive cycles 

One problem encountered in this work was the fact that voltages 
obtained on the first cycle were higher than those obtained in following 
cycles. The voltage fell with each successive cycle with the greatest 
loss between the first two cyles and smaller losses with each successive 
cycle. Figure 6 illustrates this effect. Detailed analyses of the two 
solutions during some typical runs were made to determine how much of 
this voltage loss was due to air oxidation of reduced species, diffusion 
of acid through the membranes, and diffusion of metal ions; or whether 
this loss of voltage was related to some effect in the membrane due to 
differing acidities or fouling of either the membrane or electrodes. 

Table 2 presents the results of one set of analyses. The membrane 
used in this run was a di vinyl benzene, vinyl benzene copolymer post- 
aminated with trimethyl amine and is typical of those used in these 
experiments. 
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C3l2N(CH3)^Cl“ 


+ CHg-CH-CHg-CH f 
£cH-CH2 


Membrane QZL-B2 

Ntetal and chloride ions were determined potentiometrically as de- 
scribed earlier. Hydrogen ion is determined by charge b6Q.£ince. The 
most accTirate analysis is that for chloride. Attempts to obtain an ac- 
curate charge balance are hindered by the fact that slight volume 
chsuiges due to evaporation through the sides of the cell, seepage, and 
solvent transfer are difficult to assess accxorately with the present ap- 
paratus. In some cases accurate analysis of the metal ions is difficult 
due to the fact that the first end point in titration of solutions con- 
taining both iron and titanium is not sharp. Work is continuing on im- 
proving analytical methods. 

Examining Table 2 , which represents a typical case, we see that the 
hydrogen and chloride concentrations on the two sides of the menibrane 
tend to equalize as the solutions are circulated even when no current 
is flowing. Thus, HCl is diffusing readily across the membrane from the 
titeiriium side to the iron side so that the acidity is equalized at about 
3 M in a week or less. The changes in concentration of Ti"*"^ and Ti"*"^ 
when the initial solutions are circulated show that air oxidation of 
Ti"*"^ is significant. Similarly, the changes in concentration of the 
iron solutions in the discharged condition indicate that air oxidation 
of Fe'*’^ is small. 

If we look at the analytical data before and after the first 
charge, after the HCl concentrations have approximately equalized, we 
can estimate the fraction of cnirrent carried by the hydrogen and chlo- 
ride ions. If the chloride ion carries all the current, the hydrogen 
concentrations would remain the same in the two con^jartments and the 
chloride concentration would increase in the iron compartment and de- 
crease in the titanium compartment. If the hydrogen ion carries all the 
cxirrent, the chloride concentration would stay the same and the hydrogen 
ion would decrease on the iron side and increase on the titanitim side. 

The analyses show that both the hydrogen and chloride concentra- 
tions cheuige. The hydrogen concentration change is larger than that of 
the chloride, indicating that the hydrogen ion carries a larger fraction 
of the current. This is tnxe for all membranes studied to date. 
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Air oxidation of Ti"*"^ will produce loss of capacity as discussed 
below. In addition, since there will be a greater amount of TiO'*"^ pres- 
ent (one of the products of the cell reaction) the voltage will be low- 
ered. If the solutions used to fill the cell initially contain much 
TiO'*'^, the initial voltages will be less than expected, and further oxi- 
dation will produce additional losses in voltage. Using the Nernst 
equation, we calculate lowering of voltage cf 37 mV at 10^ DOD for a 
cell in which 25^ of the Ti"*"^ has been oxidized. Thus, air oxidation 
can account for some of the voltage losses with cycling, but not for 
all. Most of the initial losses are attributed to equilization in acid- 
ity on the two sides of the membrane; losses after the first few cycles 
are due to air oxidation of the titanium and cross -mixing of the ions. 
Referring to Fig. 4, we see that the change from 0.5 M HCl on the Fe 
side and 6 M on the Ti side to acidities of 3 M or 4 M on both sides re- 
duces the load voltage by about 175 mV at 10^ DOD. In the case depicted 
in Fig. 6, we have a reduction in voltage of about 75 mV at 10^ DOD be- 
tween the first and fifth cycle by which time the acidities should be 
approximately equal. The differences are believed due to the differen- 
ces in discharge conditions between constant current of 100 mA (Fig. 4) 
and constant load resistance of 1.2 U (Fig. 6). The fifth cycle of 
Fig. 6 shows about 100 mA current at 10^ DOD whereas the first cycle 
shows 170 mA. Qiialitatively, the bulk of the loss with cycling can be 
attributed to equilibration of acid concentration. 


Energy efficiency and current efficiency 

Because of the IR drops across the membrane and solutic i as well as 
polarization losses at the electrodes, energy efficiency (i.e., watt-hr 
efficiency) for the Fe/Ti system is poor, at most about 40^. This is 
illustrated in Fig. 7, where the voltage upon charge and disc..arge for a 
typical run is plotted as a function of depth of discharge. Instead of 
expressing the state of charge in terms of depth of discharge, one could 
equally well express this in terms of the nmber of coulcanbs of charge 
accepted by or withdrawn from the cell. The area under the discharge 
curve would then be the energy obtainable from the cell in units of 
volt-coulombs (volts x amps x time, or energy) . Likewise the area vmder 
the charging curve would be the energy required to recharge the cell. 

The ratio of the two areas, then, is the energy efficiency of the cell 
under the specified conditions of charge and discharge. 

Much effort is being expended to reduce the losses in energy d\ae to 
cell resistance. Membranes containing quaternary amine functional 
groups increase in resistance by a factor of at least two in long-term 
testing, whereas membranes with tertiary amine functional groups tend to 
exhibit better resistance stability. Some of the newer n«mbranes show 
improvements in the initial resistance and long-term resistance sta- 
bility and in resistance to cross-over of the metal ions. 

Current efficiency (i.e., amp-hr efficiency) from one cycle to 
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another is close to 100^ when corrections are made for air oxidation and 
losses due to diffusion of metal ions across the membranes. Thus only a 
negligible amount of current is used by side reactions such as genera- 
tion of hydrogen or chlorine. However, capacity of the cells falls 
gradually due to cross-mixing of the metal ions and air oxidation of the 
Pe+2 produced on discharge and of the Ti+2 produced on charge. Table 3 
shows a hypothetical example of the effects of air oxidation exaggerated 
for purposes of illustration. Sup^se that we have a cell that ini- 
tially contains 1 mole each of Ti+^ and Fe'''^ (26.8 amp-hr capacity), but 
0.1 mole of the Ti'*'^ is oxidized by air before the first discharge, 
leaving only 0.9 mole of Ti"*"^ to react with Fe"*"^. When the cell is dis- 
charged, then, only 0.9 mole of will be produced. If further air 
oxidation oxidizes 0.1 mole of Fe'^'^ before charging takes place, only 
0.8 mole of reduced species are available for the cell reaction, so that 
at the end of the first cycle, the capacity is only 80% of the original. 
The extent of air oxidation can be minimized by improved cell design, 
but Seme oxidation will probably always taJee place. Analyses of the so- 
lutions have helped uo determine to what extent the losses in capacity 
are due to air oxidation and how much is due to metal ion cross-over. 
Losses in capacity due to oxidation cein in principle by overcome by 
slight overcharging, reducing the completely to Ti"*"^ while Cl“ is 

oxidized to CI 2 at the cathode. Attempts at overcharging have produced 
degradation of the electrode current collectors. Work is continuing on 
this problem. 


CONaUSIONS 

Best load performance in iron-titanium redox flow cells was ob- 
tained by using e high concentration of HCl on the Ti side coupled with 
a low concentration of HCl on the Fe side. The open-circuit voltage de- 
creases as acidity is increased on both the Fe and Ti sides. The load 
voltage also decreases when the acidity is increased on the iron side 
but increases with increasing acidity on the titanium side. Cells using 
6 M HCl on the Ti side and 0.5 M HCl on the Fe side show voltage losses 
during the first few cycles. Analyses show that these losses are due to 
equilization of the acid concentrations on the two sides of the cell. 

No membrane tested to date has been able to appreciably reduce this HCl 
transport. Analyses have also shown that the membranes studied so far, 
although designed to be anion-selective, allow abo’’.t twice as much 
transport of hydrogen ion as chloride ion during 'neu^ge and discharge. 
Analyses of the solutions also allowed us to determine the extent of 
loss of capacity due to air oxidation as distinguished ftrom losses due 
to mixing of the metal ions. 

The increase in load voltage and the decrease in the time required 
for the cell voltage to reach equilibrium with increasing acid concen- 
tration on the titanium side siiggests that the major cause of loss of 
voltage with load is due to polarization at the titanium electrode. This 
was confirmed by measurements of polarization with reference electrodes 
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which indicate that 80-90^ of the polarization is at the titanium elec- 
trode. Preliminary experiments with chelating agents showed some suc- 
cess in reducing this polarization, notably with acetylacetone. 
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TABLE 1. - POTENTIALS lETMEEN VARIOUS ELECTRODES IN mV 


Conditions 

^^workiixg “ ^^ref 

F®ref ■ ^iref 

"^^ref “ "^^orking 

Cell voltage 

Discharge cycle 
305& DOD 
150 mk load 

-43 

468 

-311 

114 

Charge cycle 
20<jk DOD 
128 mA load 

74 

616 

314 

1004 

IR drop by interrupter 
method 

Charge cycle 
Almost f^ly chaurged 
103 mA current 

9 

32 

7 

49 


TABLE 2. - TYPICAL ANALYSES OF EEDOX SOLUTIONS AT DIFFERENT STAGES IN 


CYaiNG. ALL CONCENTRATIONS IN MOLARITIES 



Iron side 

Titanium side 

Fe+2 

Fe'*'^ 

Ti+4 


J-* 

Ti+3 

Ti+4 

Fe'*'^ 

Cl" 

J-* 

H+ 

Initial solutions 

B 

1.00 


3.50 

0.50 

0.87 

0.08 

s 

7.46 

4.54 

Circulated one <^ay, 
no current fxow 

0.01 

0.99 

0.08 

4.29 

1.00 

0.79 

0.15 

0.03 

7.23 

4.19 

First discharge, 
one day later 

0.85 

O.o9 

0.09 

4.87 

2.54 

0.02 

0.93 

B 

6.25 

2.45 

Circulated one day 
after discharge, 
no cxurrent flow 

0.87 

0.04 

0.08 

5.44 

3.29 

0.02 

0.89 

■ 

5.95 

2.34 

First charge, 
one day later 


0.93 

0.05 

5.72 

2.76 

0.73 

O.IC 

0.01 

5.66 

2.82 


Hydrogen ion concentrations are calciolated from charge balance on the 
basis that Ti(lV) is present as Ti'^^. This eliminates the change 
in hydrogen ion concentration resiilting from the reaction (Ti"*"^ + 
H2O 7 TiO"^^ + 2tf*") and therefore measures the transference across 
the membrane. Actual hydrogen ion concentration is probably 
higher by an amount equal to twice the Ti'*'^ concentration. 














































TABLE 3. - EFFECT OF AIR OXIDATION ON CELL CAPACITY 



Fe+3 

Fe+2 

Ti+3 

Ti+4 

Charge 

delivered 

(accepted) 

(Faradays) 

Moles in original solutions 

1.0 

0.0 


0.0 

— 

Moles after oxidation by air 
before discharge 

1.0 

0.0 

0.9 


— 

Moles after discharge 

0.1 

GQ 

0.0 

1.0 

0.9 

Holes after oxidation by air 
before recharge 

i 

0.8 

QI2 

m^i 

— 

Moles after charge conqpleted 

o 

0.0 

0.8 

0.2 

0.8 



Figure 1. • REDOX system. 
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A. UNIT ACTIVITY OF NO CORRECTIONS FOR ACTIVIIY 

COEIFICINTS (r) OR COMPIEX roRMATKRl 

B. JMHClONTiSOE. ThcI*^* 32: NO CORISCTIONS FOR 
COMPLEX FCmMATION. 

U, C. 6 MHCi OF TiSK)E.rHcr^ 22: NO CORRECTIONS FOR 

COMPLEXFORMAnOFT' 
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C0RREC1ED FOR COM^ FORMATION. 



Figure 3. * Theoretical open^circult volta^s for me iron- 
titanium reOOK ceil at varying acidities. 
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Figure 6. - Less of load voltage as cell is cycled. 
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Figure 7. - VOItage on charging and discharging to obtain 
energy efficiency. 
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